accelerating sea level rise (Warren and Niering 1993; Bertness et al., 2002) . While S. patens has a broad ecological range (Silander and Antonovics 1979) , and is competitively dominant under well-drained conditions (Bertness 1991) , studies show that fertilization does not subsidize growth of S. patens under saline conditions (Foret 2001; Merino et al., 2010) .
Thus, nutrient subsidies may alter competitive dynamics to the detriment of S. patens.
Interpreting widespread loss of S. patens as a function of nutrient over-enrichment is
supported by comparative analyses of nutrient availability and S. patens abundance in plotlevel experiments (Levine et al., 1998; Emery et al., 2001) , and in comparative analyses of marshes receiving a range of nutrient inputs from very low to very high (Bertness et al., 2002; Wigand et al., 2003; Wigand 2008) . At both the plot and landscape scale, S. patens is less abundant under conditions of high nutrient availability.
In addition to nutrient loads altering competitive interactions, marshes in the U.S.
Northeast are experiencing inundation increases related to storm surges (Sweet et al., 2011) and accelerated sea level rise (Kopp 2013) . The U.S. Atlantic coast between Cape Hatteras and Cape Cod has been experiencing sea level rise rates over the past three decades that are three to four times the global average (Sallenger et al., 2012) ; an observation that has been attributed to spatial changes in ocean dynamics primarily related to the position and strength of the Gulf Stream (Ezer et al., 2013) . In comparison with other common wetland species, S. patens is extremely sensitive to inundation (Gleason and Zieman 1981; Broome et al., 1995; Spalding and Hester 2007) , as its root aerenchyma cannot provide sufficient oxygen to support aerobic respiration under fully flooded conditions (Burdick and Mendelssohn 1990; Pezeshki et al., 1991) . Increased inundation has been proposed as the main causative factor for S. patens loss, as declines are noted for lower elevation plots, while higher elevation plots appear stable (Warren and Niering 1993; Smith et al., 2012; K Raposa, NBNERR, Prudence Island, RI, unpubl. res.) . Additionally, dieback of S. patens is occurring in the absence of D r a f t 6 competitive displacement (Smith 2009; Smith et al., 2012) , suggesting that nutrient-related competitive shifts are playing a limited role in the overall decline of S. patens.
In this study, our main objective was to elucidate controls on the growth of Spartina patens, and to provide a comparison with a common and co-occurring species (Distichlis spicata). We examined the interactive effects of inundation and nutrient availability on the photosynthesis and growth of two co-occurring high marsh species, Distichlis spicata and Spartina patens, grown in monoculture, and as species mixtures over a three-month experimental period. While declines in S. patens have been reported for the region for decades (Nixon 1982; Civco et al., 1986) , these declines are currently a focus of particular concern for the coastal conservation and management community. This is because the salt marsh sparrow (Ammodramus caudacutus; IUCN red-listed and considered vulnerable to extinction) is an obligate coastal marsh breeding bird, and within coastal marshes breeds primarily among the species Spartina patens (Elphick et al., In Press) . Because both inundation and high nutrient loads have been linked to the reduced abundance of S. patens at field sites (Warren and Niering 1993; Donnelly and Bertness 2001; Wigand et al., 2003) , an improved understanding of the extent to which S. patens declines are driven by high nutrient loads associated with coastal development versus accelerated sea level rise may help coastal managers in the accurate targeting of intervention efforts.
MATERIALS AND METHODS

Plant and soil material
Sod monocultures and mixtures of Spartina patens and Distichlis spicata were collected 5 June 2012 from Pettaquamscutt Cove, John H. Chaffee National Wildlife
Refuge, Narragansett, Rhode Island (41.44°N, 71.46°W). Sods were separated into 6 x 6 x 20 cm plugs for planting. Soil was a mixture of native marsh soil and soil used previously for D r a f t 7 plant propagation, homogenized using a cement mixer. Plugs were planted into this soil and watered daily until 13 June 2012 as an acclimatization period.
Experimental procedures
Sods were propagated during the summer growing season in six 700 L tanks (circular, 130 cm diameter by 60 cm height) with simulated semi-diurnal tides located within a greenhouse (Fig. 1) . The experiment used a 2 x 2 x 3 factorial design, replicated six times, for a total of 72 experimental units. Two inundation regimes were created by housing pots at two elevations (Fig. 1) . The low inundation treatment was 15 cm above the high tide and never received surface inundation, while the high inundation treatment received inundation twice daily to a depth of 5 cm, with approximate inundation times of 4.5 h per tide cycle (Fig   1) . Two nutrient availability levels were produced by growing half of plants in the soils amended with Osmocote Mini Prill 19-6-10 to a dosage of 7 µΜ m -2 N (47% NH 4 ; 52% NO 3 ) and 0.2 µΜ m -2 P and half in un-amended soils as controls. Three species combinations were planted: S. patens monocultures, D. spicata monocultures, and species mixtures. Position was randomized between tanks so that each tank contained a mixture of treatments, including a mixture of nutrient treatments. Over time, tank water remained un-enriched in nutrient levels (4-7 µm NH 4 and 2-7 µm PO 4 ). Median nutrient levels declined over time in both fertilized and unfertilized pots, although no significant changes over time were noted in 'control' or unplanted pots.
Plugs were planted in pots 10 cm in width, and 40 cm in length, to hold constant volume available for root growth. Bases were fitted with a mesh nylon screen, to allow water exchange. Brackish water (15‰) was generated using seawater inputs, a reverse osmosis system, and a static mixer to replicate the volume weighted average salinity for the Pettaquamscutt River Estuary, where plants were collected (Kelly and Moran 2002 
Photosynthesis, growth and biomass analysis
Shoot heights and density were measured on 11 June 2012, 31 Jul 2012, and 25 Sept 2012. To determine treatment effects on mixed species assemblages, changes in the relative abundance of individual shoots by species were calculated. At the experiment's conclusion, plant mass was harvested, rinsed, and dried to a constant weight at 60° C in a convection oven. Belowground biomass was measured for monocultures as the dry weight of belowground biomass retained by wet sieving, dried to constant weight. Root and rhizome material was separated to determine the ratio of root-supported tissue (shoots, rhizomes) to root biomass (RSB/RB ratio) (Morris et al., 2013) . Dried aboveground plant tissue (shoots, stems, leaves) were subsampled, ground using a Wiley Mini Mill, and analyzed for total carbon and nitrogen using a Flash EA112 elemental analyzer.
As an indicator of photosynthetic rate, CO 2 uptake was measured (on 19-21 June 2012, 3-9 July 2012, and 23-25 July 2012) using a flow-through infrared gas analyzer (IRGA After plants were harvested, CO 2 efflux measures were performed on intact soils using a Licor 8100 laser infrared analyzer outfitted with an opaque static chamber. Soil stems were plugged with silicone to minimize root and rhizome gasses to flux measures, and macro-organic matter (surface litter) was removed from the soil surface. This efflux incorporates root respiration and soil organic matter decomposition (Wigand et al., 2009 ).
Measures of CO 2 concentration were made every second for a period of three minutes, with the first 30s of data discarded as a stabilization period. The increase in CO 2 concentration within the chamber headspace was calculated using regression. Flux estimates were corrected for atmospheric pressure and temperature and scaled for area of soil enclosed by the chamber to yield the CO 2 efflux rate:
where dCO 2 /dt is the change in CO 2 concentration over time, P is the atmospheric pressure, V is the volume of the headspace gas within the chamber, A is the area of soil enclosed by the chamber, R is the universal gas constant, and T is the air temperature. Nutrient inputs at sites were characterized using porewater ammonium values.
Porewater was collected from a depth of 20 cm collected using a porewater "sipper" or piezometer (e.g., Watson et al., 2014) at field sites over the course of the growing season (2011/2). Porewater ammonium was used as an indicator of nutrient availability for field and experimental units. Porewater was analyzed for ammonium and phosphate using an Astoria
Pacific A2 micro-segmented flow autoanalyzer (U.S. EPA methods 350.1 and 365.2). Marsh elevation and nutrient availability were characterized using the median value of elevation (of 115-400 values) and porewater ammonium (of 50-90 values) at each site.
Data analysis
As some monoculture pots ended up mixtures, we reclassified three S. patens and one D. spicata pot as mixtures. Nitrogen concentration was calculated for shoots as nitrogen weight per unit dry weight. Two-way ANOVAs were carried out to examine impacts of inundation and nutrient availability on plant growth and photosynthesis. Analysis was performed on logarithmic transformations of some variables to meet variance and normality requirements. Where a significant interaction term was identified, a simple main effects follow up ANOVA was performed. To assess change in proportion of S. patens shoots in mixed pots, the exact form of the Wilcoxon signed rank test was used (Helsel and Hirsch 2002) . A two-way analysis of variance was further used to examine N concentrations in mixed and monoculture pots, and inundation and fertilization treatment combinations were included as blocks. Linear regression was used to relate plant growth patterns measured at field sites with inundation and nutrient availability. Statistical analyses were performed using SPSS Statistics (version 22, IBM, Armonk, NY, USA).
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RESULTS
Growth & biomass
Plant growth response variables co-varied with inundation and nutrient availability ( Fig. 2 ; Supplementary Material). For fertilized S. patens plants, aboveground biomass was reduced by 70% and tiller density by 54% by high inundation. For the high inundation treatment, fertilization reduced aboveground biomass by 5.5% and tiller density by 16%, while for the low inundation treatment, fertilization increased aboveground biomass by 103%
and tiller density by 30%. For fertilized S. patens plants, the RSB/RB ratio was reduced 56%
by high inundation, and for the low inundation treatment, fertilization increased the RSB/RB ratio by 30%.
Among fertilized D. spicata plants, high inundation reduced aboveground biomass by 62%, tiller density by 41%, rhizome biomass by 65%, and the RSB/RB ratio by 75%.
Nutrient availability significantly impacted aboveground biomass, tiller height and density, rhizome biomass, and the RSB/RB ratio. Fertilization increased D. spicata aboveground biomass by 21%, tiller height by 19%, and tiller density by 63%. For the low inundation treatment, fertilization increased rhizome biomass by 60% and the RSB/RB ratio by 129%.
Similar to S. patens, a significant interaction was found for treatment combinations such that D. spicata growth was increased by fertilization more under less inundated conditions. In contrast to S. patens, however, nutrient additions had beneficial impacts to a wider range of plant growth response variables. 
Bi-species mixtures
Photosynthesis
Variables associated with plant photosynthesis were similarly found to co-vary with inundation and nutrient availability (Fig. 4 , Supplementary Material). For S. patens, high inundation was associated with a reduction in soil CO2 efflux (by 60%), and nutrient availability was associated with a 19% decline in leaf CO 2 uptake (an indicator of photosynthetic rate). A significant interaction was found between the inundation and nutrient availability treatments, such that high nutrient loads and daily inundation had a combined detrimental impact on photosynthetic efficiency. For fertilized pots, high inundation was associated with a 5.3% reduction in photosynthetic efficiency for S. patens, and for high inundation, fertilizer addition was associated with a 3.8% reduction in photosynthetic efficiency.
For D. spicata, high inundation was associated with reduced photosynthetic efficiency (by 2.2%) and soil CO 2 efflux rates (by 14%), and higher nutrient availability was associated with increased soil CO 2 efflux (by 87%). A significant interaction was found between inundation and nutrient availability such that fertilization resulted in greater CO 2 uptake under daily inundation, but lower CO 2 uptake under aerated conditions.
Soil chemistry
Measures of porewater sulfide and ammonium concentrations indicated higher sulfide concentrations for pots exposed to high inundation, and higher porewater ammonium concentrations for fertilized pots (Fig. 5) . For pots exposed to daily inundation, porewater sulfide concentrations ranged from 0 to 2500 µM, with a median value of 210µM. For pots grown under low inundation, porewater sulfide concentrations ranged from 0 to 11µM, with a median value of 0µM. For pots that received no added fertilizer, porewater ammonium concentrations ranged from 9-701 µM, with a median value of 51 µM. For pots that received added fertilizer, ammonium concentrations ranged from 7-4600 µM, with a median value of 188 µM.
A comparison of laboratory porewater with porewater from field sites suggests that the porewater ammonium concentrations found in our laboratory experiments are similar to some field conditions. Of the five sites analyzed, two field sites were similar to low nutrient 
Field Surveys
Results of our comparative surveys revealed that both nutrient availability and inundation appear to structure the distribution of D. spicata and S. patens in southern New
England coastal wetlands (Fig. 7) . Field data suggests that D. spicata and S. patens are restricted to the higher elevation portion of marshes ( Fig. 7A-C) , and marshes that sit higher in elevation support a greater abundance of D. spicata and S. patens (Fig. 7D ). In addition, D. spicata was found to be more common in marshes with higher nutrient availability, as measured through porewater ammonium concentrations (Fig. 7E) , while S. patens was found to be less common (Fig. 7F) .
DISCUSSION
The results of the present study suggest that both inundation and nutrient additions Hunter et al., 2008) , and that the response of S.
patens to nutrient additions is mediated by drainage (Whigham and Nusser 1990; Langley et al., 2013) , the present study helps clarify the inconsistent response of high marsh taxa to nutrient additions in field experiments (e.g., Anisfeld and Hill 2012; Deegan et al., 2013 Labile organic carbon inputs associated with eutrophic conditions may fuel the paired process of sulfate reduction and organic matter mineralization that occurs under anaerobic conditions (Howarth and Teal 1979) . Where nutrient additions fuel sulfate reduction, plants will respond negatively when sulfide levels become toxic. While this explanation may explain some negative effects of eutrophication on salt marshes (e.g., Darby and Turner 2008), in the present study, we did not find elevated sulfide concentrations in fertilized vs. control plots (Fig. 5) . We surmise that the experimental application of nutrients to marsh soils is fundamentally different than nutrients delivered via the water column where macroalgae and phytoplankton growth (i.e. labile carbon inputs) co-occur with elevated nutrient levels.
Another potential explanation for reduced Spartina patens growth under elevated flooding may involve arenchyma, the gas spaces in plant tissues that allow for gas exchange and aeration. In graminoid crop plants (rice, maize, wheat), studies of nutrient levels have found that low nutrient conditions can stimulate the formation of arenchyma (e.g. Drew et al., 2000; He et al., 1992; Fan et al., 2003 (Bever et al., 2001) .
In this study, nutrient additions had an asymmetric affect on S. patens, with positive impacts under well-drained conditions, and negligible or negative impacts under flooded conditions.
Shifts in flooding and nutrient availability may have shifted the plant-AMF association from mutualistic to parasitic, as has been noted in previous nutrient addition studies (Daleo et al., 2008; Kivlin et al., 2013) . Additional support for this interpretation comes from previous studies that have noted AMF colonization focused in arenchymous tissue in salt marsh plants (Brown and Bledsoe 1996) .
Distichlis spicata
In contrast with S. patens, D. spicata responded positively to nutrient additions through increased cover, biomass, and plant community composition (Levine et al., 1998; Pennings et al., 2005; Hunter et al., 2008) , demonstrating that D. spicata is able to exploit elevated nutrient levels to a greater degree than S. patens. Our field survey results provide further evidence that D. spicata responds positively to nutrient additions: a strong positive relationship was found between D. spicata growing in monoculture and site N availability (Fig. 7) . These results are in agreement with previous studies. Of particular note were the extremely high D. spicata belowground biomass values (~10,000 g m -2 ) found in our greenhouse study. Where D. spicata invades in response to nutrient enrichments (Rogers et al., 1998; Fox et al., 2012) , it appears capable of raising marsh elevation through enhanced belowground production and reduced rates of decomposition in comparison with Spartina alterniflora (Valiela et al., 1985; Valiela 2015) .
Our experimental results support previous interpretations of elevation gains linked to fertilization and the competitive dominance of D. spicata.
Species pairings
Where 
Growth responses and long-term marsh survival
Growth responses to nutrient additions and interactions with inundation are of interest to the broader estuarine science and management community (Anisfeld and Hill 2012) , as recent studies suggest marsh loss in the New England region is accelerating (Smith 2009; Watson et al., 2014) . Nutrient additions are suspected to have both positive and negative effects on plant growth and organic matter accumulation in wetlands (e.g. Darby and Turner 2008; Wigand et al., 2009; Deegan et al., 2012; Morris et al., 2013; Watson et al., 2014) . Of particular importance to long-term marsh survival are effects on stem density and belowground production. Under conditions of adequate nutrition, graminoids may allocate more resources towards vegetative reproduction through increased shoot density (Traut 2005) ; which has the benefit of increasing sediment-trapping efficiency (Morris et al., 2002) .
Also crucial for long-term marsh survival is belowground productivity, particularly for rhizomes, which contribute to formation of marsh peat (Morris et al., 2013) . Where sediment inputs are low and declining, (Roman et al., 2000; Weston 2014) , marshes build in elevation primarily through in-situ plant growth, making belowground production a particularly crucial process in an era of rapidly rising sea levels.
In this study, we found that nutrient inputs resulted in similar biomass partitioning responses for D. spicata and S. patens. Fertilization increased tiller density and rhizome production in both species, but only for the low inundation treatment. We therefore conclude that marsh elevation may play an important role in the response of coastal marsh to nutrient additions, as has been found in other recent reports (Langley et al. 2013; Watson et al. 2014 ).
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Where marsh elevation is low and daily flooding occurs, both rhizome production and tiller density are unaltered by nutrient inputs. However, where marsh elevation is high, additional nutrients may provide positive benefits for marsh aggradation through enhanced sediment trapping and organic matter accumulation.
Vegetation change
While early and mid twentieth century reports characterize S. patens as the most common plant species for New England coastal wetlands, recent studies have noted reduced abundance of S. patens and other species found in the upper marsh (Warren and Niering 1993; Roman et al., 1997; Donnelly and Bertness 2001; Smith 2009; Smith et al., 2012; Smith 2015 ; K Raposa, NBNERR, Prudence Island, RI, unpubl. res.). Potential explanatory factors include increased flooding associated with accelerated sea level rise and increased nutrient availability associated with coastal development (Warren and Niering 1993; Wigand et al., 2003) . This shift is of concern for the coastal management community, as the disappearance of high marsh habitat due to increased flooding bodes poorly for the long-term survival of coastal marshes, and also may have negative consequences to coastal marsh nesting sparrows (Elphick et al., In Press) . Results of our greenhouse experiment support the hypothesis that the disappearance of S. patens may be driven by increased flooding and high nutrient loads, in combination. Enhancement strategies currently are being enacted in the region to facilitate re-colonization of marshes by S. patens. These strategies include thin layer deposition to build marsh elevations and lowering of marsh groundwater tables through drainage enhancements. The results of our study also suggest that remediation of high coastal nutrient loads may be beneficial for S. patens survival, although to be effective such efforts such be focused where nutrient levels are highest. 
